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Abstract. The generation of the toroidal rotation due to the radial current torque induced by the charge separation is
studied by using one-dimensional multi-fluid transport code TASK/TX. Owing to the effect of the drift motion, the
charge separation occurs as long as trapped ions are generated, typically by near-perpendicular NBI. Coupling the
TASK/TX code with the Orbit-Following Monte Carlo code OFMC, we have reproduced that the toroidal rotation
is driven due to the generation of the radial current jbulk flowing in the bulk plasma with the near-perpendicular
NBI. The simulations has clarified that the NB on the equatorial plane drives the toroidal rotation most efficiently
from the aspects of the collisional and jbulk × B torques. In a steady state, the toroidal rotation driven by the
jbulk × B torque is determined by the balance among the torque, the viscosity, the friction with neutrals and the loss
of momentum due to charge exchange.

1. Introduction

Toroidal rotation and its shear play an important role in transport and stability of burning plas-
mas as well as the plasmas observed in present tokamak experiments. In current devices the
rotation is easily driven and controlled by tangentially-injected neutral beam (NB) through a
collisional slowing-down momentum transfer process. However, it is now commonly believed
that the fast rotation is not expected in ITER because a self-generated alpha particle heating will
be dominant and external heating systems may not be necessary. In addition, the collisional mo-
mentum transfer by tangential NBIs would not be so large around the plasma core in an ITER
plasma. There are a few reasons why so. First, the beam energy Eb is higher than that used in
present devices and then the momentum input expressed by ∼ Pb/

√
Eb becomes smaller, where

Pb denotes the beam power. Second, because of the high density of the plasma, the mean free
path of beam ions is short. Therefore they are likely to be trapped outboard of the plasma and
are not deposited in the central region; this leads to a decrease in passing particles transferring
their momentum to the bulk plasma.
Even in present tokamaks, trapped fast particles are favorably generated by perpendicular

NB (PERP-NB) units. Several “near” PERP-NBs, whose typical injection angle to the field
line on the magnetic axis is 75◦, have been installed in JT-60U and the ions generated by them
usually have a small parallel component of the velocity. In Fig. 1, we show an example of an
orbit-following calculation during a first bounce period without the effect of the radial electric
field Er in JT-60U #45074 with the co PERP-NB. The effect of a toroidal field (TF) ripple is
neglected in this calculation because the plasma is settled on the inboard side of the vacuum
vessel, where the TF ripple is relatively weak. Most of the particles are toroidally trapped in
the low-field side (LFS) of the plasma (Fig. 1 (a)). The remaining ions in the high-field side
(HFS) of the plasma circulate around the torus (Fig. 1 (b)). In this case the collisional torque
to the plasma is small. However, the trapped particles can also transfer their momentum to the
bulk plasma in a different way. The mechanism is rather complicated than that in the case of
passing particles because to the lowest order in gyroradius banana particles do not carry angular
momentum: Their collisional torque to the plasma is canceled out during a bounce motion.
When we consider a finite orbit width effect due to a drift motion, the electron almost stays
on the flux surface where the beam neutral is ionized, while the ion moves radially inward or
outward depending on the injection direction, co- or counter-current. This instantaneous charge
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FIG. 1. Collisionless ion orbits generated by co near-perpendicular NBI #6 in JT-60U #45074. Each ion
orbit is labeled by a number and the same number in both figures means that the ion is deposited on the
same flux surface along the NBI. In the case that ions are deposited in LFS shown in (a), the ion nearest
the magnetic axis becomes passing one (1), and the ion adjacent to (1) draws a potato orbit (2). All the
other ions labeled by 3 to 6 draw banana orbits and their banana widths do not make much difference
among them. In the case of HFS shown in (b), all the ions draw passing orbits except one labeled by 6,
which is immediately lost from the plasma due to a collision with a divertor.

separation produces a fast-ion radial current jf and it generates a return current jbulk in the bulk
plasma, which exerts a jbulk × B torque [1]. As noted in Ref. [1], the rate of toroidal momentum
input to the plasma, from either trapped or untrapped fast ions, is equal to the incident toroidal
momentum input rate from the beam, in the light of momentum conservation. This implies that
the jbulk × B torque, which is mainly generated by trapped particles, is not negligible for the
correct evaluation of the total momentum input from NBIs. Therefore a quantitative evaluation
of the jbulk × B torque is indispensable to predictions of the toroidal rotation in present devices
as well as ITER.
The jbulk × B torque has been evaluated numerically by using Monte Carlo codes [2, 3] and

analytically by solving the Fokker-Planck equation [4]. For a self-consistent understanding of
the rotation induced by the radial current, however, simultaneous consideration of poloidal and
toroidal rotations with the Er effect, which has not been carried out so far, is indispensable
through self-consistent transport simulations [5]. In this paper, an ideal concentric plasma equi-
librium comparable in size to JT-60U is assumed to eliminate geometrical effects on and grasp
the underlying physics associated with the torque. The torque generated by the charge separa-
tion and the resultant toroidal rotation are then comprehensively studied by using a multi-fluid
transport code TASK/TX [6] cooperating with an orbit-followingMonte Carlo code OFMC [7],
and roles of the torque input against plasma profiles are examined to assess rotation control
techniques in plasmas.

2. One-dimensional Multi-fluid Transport Code, TASK/TX

We outline the main features of the one-dimensional multi-fluid transport code TASK/TX [6]
in the following with particular emphasis on the difference from conventional transport codes:
(1) The code solves the continuity equations, the thermal transport equations and the two-fluid
equations of motion for electrons and ions coupled with Maxwell’s equations as well as the
equations for neutrals and fast beam ions in the cylindrical coordinates (r, θ, φ), where r, θ and φ
denote the radial, poloidal and toroidal coordinates respectively. (2) Solving both the continuity
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equations for all charged particle species and Poisson’s equation requires no explicit quasi-
neutrality condition. (3) The neoclassical effects such as the bootstrap current and the Ware
pinch are originated from the parallel viscous force term in the poloidal equation of motion.
(4) Turbulent ambipolar transport is expressed by the poloidal momentum exchange between
electrons and ions; hence an explicit particle diffusion term is not necessary in the continuity
equations. (5) The code takes account of the transport in the scrape off layer (SOL) in order to
investigate a structure of a plasma near the plasma surface (separatrix). (6) The formation of Er
is evaluated consistent with the flows.
The feature (2) is important for this study because the difference in the orbit width of electrons

and beam ions is treated as the difference in the shape of their source profiles in the code.
In the following we briefly describe the main equations. The time evolution of the plasma is

described by flux-surface averaged quantities for species s: the density ns, the radial, poloidal
and toroidal flow velocities usr, usθ, usφ, and the internal energy 3/2nsTs. The equations are
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where ms and es are the mass and charge respectively. The perpendicular viscosity μs and
thermal conductivity χs represent anomalous transport contributions due to turbulent fluctua-
tions. Here the particle source denotes S s, neoclassical viscous force FNCs , classical collisional
momentum transfer force FCs between different species including beam ions, forces due to the
wave-particle interaction FWs , parallel transport loss in the SOL region F

L
s , friction force with

neutrals FNs , charge exchange force F
CX
s , collisional energy transfer power P

C
s , heating power

from NBIs PBs , collisional energy loss power in the SOL P
L
s , bremsstrahlung loss power P

R
s and

direct RF heating power PRFs .
Maxwell’s equations are simultaneously solved for the evolution of the electromagnetic fields,

that is, the radial, poloidal and toroidal electric fields Er, Eθ, and Eφ, and the poloidal and
toroidal magnetic fields Bθ, Bφ as follows:
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where ε0 and μ0 are the permittivity and the permeability in a vacuum respectively, and c is the
speed of light.
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The continuity equation and the slowing-down equations for beam ions are given by

∂nb
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= S b − νbnb − νbLnb, (9)
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where νb denotes the slowing-down rate, νbL the loss rate to the divertor in the SOL and FBbφ
the direct collisional torque input from NBIs. Although the code also contains the diffusion
equations for two-group neutrals, we omit the description in this paper. More details about the
code can be seen in Refs. [6, 8]

3. Charge Separation due to NBIs

Owing to the toroidal drift induced by the toroidicity of a tokamak, a drift surface does not
coincide with a magnetic flux surface. A departure from the flux surface is typically given by
Δp ≈ ερθ for passing particles and Δb ≈ √ερθ for trapped (banana) ones respectively, where ε is
the inverse aspect ratio and ρθ the poloidal Larmor radius. As clear from the above relations, the
departure for banana particles is

√
ε times as much as that for passing ones. We then focus on

the effect of the departure for trapped particles only in this study. Although these relations are
valid for both electrons and ions, the departure for electrons are much smaller than that for ions
because of ρθ ∝ √m and me � mi. When fast ions and accompanying electrons are generated
from beam neutrals on a flux surface, therefore, we reasonably assume that the electrons stay
on the surface while the ions are deviated radially and then they reside on the different flux
surfaces. This causes a steady charge separation as long as the NB is injected into the plasma.
Compensating this local charge imbalance to maintain quasi-neutrality, a radial return current
flows in the bulk plasma. Finally this current induces the jbulk × B torque, driving the toroidal
rotation. This torque always drives the plasma in the direction of the NB injection. In this study,
we only use a co PERP-NB so that we consider “well-confined” banana ions and neglect the
intersection of the orbit with the wall during a first bounce motion.
Quantitatively evaluating a source profile by the co PERP-NB including the finite orbit width

effect, we have upgraded the OFMC code. Using background profiles calculated by TASK/TX,
OFMC calculates birth profiles and source profiles with its effect for both trapped and passing
ions distinctly, as follows: After following orbits of 10,000 test particles during a first bounce
motion, OFMC labels all the particles trapped or passing and then follows the orbits back to their
creation, and evaluates their birth positions retroactively. For each particle, OFMC checks the
flux surface on which the particle is located every minute time step, typically ∼ τb/100 where τb
is the bounce time, until its orbit projected to the poloidal plane is closed. The time spent on each
surface is renormalized by τb to estimate the existing probability of the particle on each surface.
OFMC iterates this procedure for all the test particles. Then it adds up the contributions of them
and multiply the resultant distribution function by the number of actual particles injected into
the plasma per second. We thus obtain NB source profiles after a bounce motion with the effect
of the finite orbit width for both trapped and passing particles. As mentioned above, however,
we take account of the orbit effect for banana particles only in this study.

4. Toroidal Torque Induced by Charge Separation

Owing to the features of the TASK/TX code described in Section 2, simply giving source pro-
files for beam ions and electrons calculated by OFMC to the TASK/TX code allows us to
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FIG. 2. Co PERP neutral beam lines with different
poloidal angles of (a) 0◦, (b) 30◦ and (c) 60◦ in a
concentric cylindrical equilibrium. Typical orbits
of beam ions at ψ = 0.1, 0.6 of LFS and ψ = 0.2
of HFS are drawn for each beam line, where ψ
denotes the poloidal flux.

simulate a plasma evolution including the
toroidal rotation driven by the charge separa-
tion. We use the plasma parameters similar to
JT-60U #45074: the major radius R = 3.22m,
the minor radius a = 0.8m, the toroidal mag-
netic field Bφ = 2.68 T, the plasma current
Ip = 0.8MA and the safety factor at 95% flux
surface q95 = 2.5. The concentric circular equi-
librium is assumed for simplicity. We use par-
ticle and thermal diffusivities so as to roughly
reproduce the steady-state profiles of the elec-
tron density and electron and ion temperatures
observed in the experiment, and assume that the
viscosity μs is equal to the thermal diffusivity
χs: μs = χs.
The co PERP-NB of 2.37MW with the

mono-energy of 82 keV is injected with three
different poloidal angles: (a) 0◦, (b) 30◦ and
(c) 60◦, as shown in Fig. 2. It is tilted from
a fully perpendicular beam line so that a birth
ion roughly has a pitch angle of 75◦ in case (a).
When the orbits are compared between case (a) and (b), the overall tendency is almost the same
for both trapped and passing ions in LFS and HFS, except for the slight difference in the banana
width. In case (a) the shape of the orbit is similar to that of the potato orbit near the magnetic
axis. On the other hand, the beam line (c) generates the trapped ion with relatively slim banana
width in the LFS and also the barely trapped ion even in the HFS. This difference is ascribed to
the strength of the magnetic field at the birth point of the ion. Focusing on a certain flux surface,
the strength of the magnetic field gradually decreases as the poloidal angle increases because of
B ∼ Bφ ∼ 1/R. As for the beam ions generated on the same flux surface, therefore, the magnetic
field they feel at birth becomes weaker as the poloidal angle of the beam line increases from
(a) to (c). Under the constant energy and power of the NBI, the birth ions generated on the
same flux surface have the same magnetic moment. Owing to the conservation of the magnetic
moment, the banana tip point where the parallel velocity goes to zero changes with the change
in the strength of the field, leading to the change in the shape of the orbit.
Giving OFMC the density and temperature profiles by TASK/TX at t = 50ms after the initial

phase, birth profiles of both trapped and passing ions and source profiles of trapped ions with
the finite orbit width effect are calculated by OFMC, as shown in Fig. 3. The birth of the
passing ions is localized in ρ ≡ r/a � 0.3, i.e. ψ � 0.15, and few trapped ions are generated in
the region as seen in Fig. 3 (a) and (b). The finite orbit width effect is found to contribute to the
inward shift of the trapped ion profile. Since the banana width becomes fatter as the birth point
approaches the magnetic axis, the averaged position of the trapped ion moves inward compared
to its birth point. We note that the reason that the peak is formed in the source profile with the
effect is that at the very near magnetic axis a volume surrounded by a flux surface is very small.
We carry out TASK/TX simulations for three cases (a), (b) and (c) by utilizing the source

profiles from OFMC. After 50ms ohmic calculation the co PERP-NB is injected into the plasma
with the line-averaged electron density n̄e = 1.37 × 1019 m−3 and temperature T̄e = 0.753 keV,
and the plasma adequately reaches a steady state at t = 2 s. Figure 4 (1) shows the profiles of
Er and the ion toroidal velocity uiφ with both the collisional and jbulk × B effects. The viscosity
shown in Fig. 4 (3) below is given and fixed throughout the simulations. We see in Fig. 4 (1)
the centrally-peaked toroidal rotation profiles associated with the centrally-peaked birth profiles
of the passing ions. If we neglect the contribution of the collisional torque, we then obtain a
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FIG. 3. Birth profiles of both trapped and passing ions, and source profiles of trapped ions with the finite
orbit width effect calculated by OFMC. The figures (a), (b) and (c) correspond to the beam lines shown in
Fig. 2 and the corresponding shine-through powers are 0.96MW, 0.94MW and 0.97MW, respectively.
Here ft denotes the fraction of the trapped particles.

FIG. 4. The radial electric field Er and the ion toroidal velocity uiφ at t = 2 s in the cases (1) with both
collisional and jbulk×B torques and (2) with jbulk×B torque only. The radial current jr and the viscosity
μi, which is given and fixed throughout the simulations, are shown in (3). The colored indices (a), (b)
and (c) correspond to the beam lines shown in Fig. 2, respectively.

broader and slower rotation profile in Fig. 4 (2), purely driven by the jbulk × B torque. When
we compare the profile (c) with (a) and (b) in Fig. 4 (1), the rotation (c) is clearly slower than
the others. Considering the minor difference in the rotation velocity among the cases shown in
Fig. 4 (2), we deduce that the reason of the significant difference in Fig. 4 (1) is ascribed to
the reduction in the collisional torque. Figure 2 shows that the co PERP-NB (c) generates the
trapped ion even in the HFS as well as LFS. This means that more trapped ions and less passing
ions are produced in this case. The difference in the birth profiles in Fig. 3 also supports this
fact. As a result, the decrease in both the number of the passing ions, directly driving the plasma
rotation, and the jbulk × B torque leads to the decrease in uiφ labeled by (c).
Next we examine the reason of the decrease in the jbulk × B torque with the poloidal angle of

the beam line increasing from (a) to (c), as shown in Fig. 4 (2). To understand the mechanism,
we focus on the radial current jbulk induced in the bulk plasma shown in Fig. 4 (3) above. With
increasing the angle from 0◦ to 60◦, the current density profile seems to be shifted inward and
locally decrease in ρ > 0.2. The decrease is linked to where on a flux surface a beam neutral is
ionized. As can be seen in Fig. 2, the birth position in case (c) is very close to the banana tip in
comparison with case (a) and (b), and the ion draws the banana orbit across the flux surface at
birth: In a first half of a bounce motion it runs deeply inward from the birth surface and in the
latter half it almost does outward. By averaging the deviation of the trapped ion from the birth
surface over a bounce motion, the contribution of the inward deviation is to some extent offset
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FIG. 5. Dependence of the toroidal rotation uiφ on the Prandtl number Pr in the case (a) with the full
terms, (b) without the collision terms with neutrals and (c) without the collision terms with neutrals and
the convection terms, in the equations of motion. The black lines are eye-guide ones.

by that of the outward one. The averaged inward deviation from the birth surface is relatively
small, although the banana width is broader than the others, leading to the decrease in jbulk.

5. Relation between Steady-state Toroidal Rotation and the Prandtl Number

Even if an external torque is constantly injected into a plasma, it finally approaches a steady
state and the toroidal rotation settles down at a certain value and profile. In a steady state, the
presence of terms balancing the torque input is imperative and the possible candidate is widely
believed to be a viscous term. If we assume that the rotation is determined by the balance
between the torque and viscosity only, it is estimated from the second term of the left-hand side
of Eq. (4) as uiφ = (L2/μi)F, where L is a characteristic length of the uiφ profile and F a torque.
If F is kept constant and is independent on μi, uiφ is inversely proportional to μi, uiφ ∝ μ−1i . In
this section, by artificially changing the viscosity, we verify whether this assumption is valid or
not. And if not valid, we should examine what regulates uiφ in a steady state under the condition
of a constant torque input. In the following we use the Prandtl number defined as the ratio of
the viscosity to the thermal diffusivity, Pr ≡ μi/χi, instead of μi.
The jbulk × B torque is suitable for a constant torque input into the plasma, because it instan-

taneously becomes constant compared with the collisional torque. In this study, we adopt the
same plasma parameters used in the previous section. For simplicity, the collisional torque by
a co PERP-NB is neglected and the banana orbit effect is analytically calculated as Δb =

√
ερθ.

We artificially increase 100 times as much the parallel loss to the divertor in the SOL as the
standard case in order to eliminate the effect of the pedestal uiφ on the core one. We then carry
out simulations with the jbulk × B torque input until the plasma reaches a steady state, and ex-
amine the dependence of uiφ at ρ = 0.3, which is chosen as a typical value in the core region,
on Pr by changing the viscosity.
The simulation result shown in Fig. 5 (a) clearly reveals that uiφ is not in inverse proportion

to Pr: uiφ ∝ Pr−0.856. Furthermore, the red line gradually deviates downward from the Pr−0.856
dependence as Pr decreases. It means that although the steady-state value of uiφ is mainly
determined by μi, other unknown effects are not negligible. Particularly, the deviation from
Pr−0.856 in the limit of the small viscosity indicates existence of a drag force: Since the rotation
velocity increases with the decrease in the viscosity, we deduce that the above-mentioned force
possibly relates to the momentum loss that increases proportionally with the velocity. Therefore
we eliminate both the friction force with neutrals FNs and the loss of momentum due to charge
exchange FCXs from the equations of motion, Eqs. (3), (4), (10) and (11). The result shown
in Fig. 5 (b) shows a more inversely proportional dependence of uiφ ∝ Pr−0.916 and an almost
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constant gradient over the Pr space, nevertheless we can still find the slight deviation in Pr <
0.2. So far we consider that the convective momentum loss is smaller than the effects mentioned
above, but it may steadily carry the momentum out of the plasma and it is possibly capable of
affecting the momentum balance. We then eliminate the convective terms and their related terms
from the equations of motion, corresponding to the first and second terms in Eq. (2) and the
first terms in Eqs. (3) and (4). This elimination further improves the inverse linearity between
uiφ and Pr: uiφ ∝ Pr−0.955 as shown in Fig. 5 (c). In addition, the dependence uiφ ∝ Pr−0.955

holds over the Pr space even in the limit of the small viscosity. We note that we have confirmed
that other factors appearing our model equations hardly affect the relation between uiφ and Pr.

6. Conclusions

We have numerically studied the toroidal rotation arising from the torque due to the charge
separation by the co PERP-NB, and its related issues. Self-consistent simulations by TASK/TX
with OFMC have reproduced the generation of the toroidal rotation induced by the jbulk × B
torque due to fast-ion banana motion. With the toroidal angle of the co PERP-NB fixed, the
birth profiles for both trapped and passing ions and the trapped partciel fraction vary as its
poloidal angle just changes. This is mainly due to the change in the strength of the magnetic
field where the beam neutral is ionized. In the cases that the beam line passes through the
magnetic axis, the TASK/TX simulations have clarified that the horizontally-injected NB drives
the plasma rotation most efficiently with respect to both collisional and jbulk × B torques and
that the amplitude of the latter torque is not simply proportional to the banana width.
From the simulations with varying the Prandtl number, the following facts are clarified:

Within the system of the present TASK/TX code, the toroidal rotation is mainly regulated by the
balance between the external torque and the viscosity. However, the momentum loss processes
due to convection and collisions with neutrals through the friction and the charge exchange also
play a important role in the determination of the toroidal rotation velocity in a steady state.

This work was supported by the Grant-in-Aid for Young Scientists (Start-up) from Japan
Society for the Promotion of Science (JSPS).
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